TRPA1 acts in a protective manner in imiquimod-induced psoriasiform dermatitis in mice by Kemény, Ágnes et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
King’s Research Portal 
 
DOI:
10.1016/j.jid.2018.02.040
Document Version
Peer reviewed version
Link to publication record in King's Research Portal
Citation for published version (APA):
Kemény, Á., Kodji, X., Horváth, S., Komlódi, R., Szke, É., Sándor, Z., ... Gyulai, R. (2018). TRPA1 acts in a
protective manner in imiquimod-induced psoriasiform dermatitis in mice. Journal of Investigative Dermatology,
138(8), 1774-1784. https://doi.org/10.1016/j.jid.2018.02.040
Citing this paper
Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volume/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.
General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.
•Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
•You may not further distribute the material or use it for any profit-making activity or commercial gain
•You may freely distribute the URL identifying the publication in the Research Portal
Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.
Download date: 05. Apr. 2019
Accepted Manuscript
TRPA1 acts in a protective manner in imiquimod-induced psoriasiform dermatitis in
mice
Ágnes Kemény, Xenia Kodji, Szabina Horváth, Rita Komlódi, Éva Szőke, Zoltán
Sándor, Anikó Perkecz, Csaba Gyömörei, György Sétáló, Balázs Kelemen, Tamás
Bíró, Balázs István Tóth, Susan D. Brain, Erika Pintér, Rolland Gyulai
PII: S0022-202X(18)30228-8
DOI: 10.1016/j.jid.2018.02.040
Reference: JID 1333
To appear in: The Journal of Investigative Dermatology
Received Date: 10 October 2017
Revised Date: 10 February 2018
Accepted Date: 18 February 2018
Please cite this article as: Kemény Á, Kodji X, Horváth S, Komlódi R, Szőke É, Sándor Z, Perkecz
A, Gyömörei C, Sétáló G, Kelemen B, Bíró T, Tóth BI, Brain SD, Pintér E, Gyulai R, TRPA1 acts in a
protective manner in imiquimod-induced psoriasiform dermatitis in mice, The Journal of Investigative
Dermatology (2018), doi: 10.1016/j.jid.2018.02.040.
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
1 
 
 TRPA1 acts in a protective manner in imiquimod-induced psoriasiform dermatitis in 
mice 
 
Ágnes Kemény1,2,3*, Xenia Kodji4*, Szabina Horváth5*, Rita Komlódi1, Éva Szőke1,3,6, Zoltán 
Sándor1,3, Anikó Perkecz1, Csaba Gyömörei7, György Sétáló2, Balázs Kelemen8, Tamás Bíró9, 
Balázs István Tóth8, Susan D Brain4#, Erika Pintér1,3#, Rolland Gyulai5# 
 
(1) Department of Pharmacology and Pharmacotherapy, University of Pécs Medical School, 
H-7624 Pécs, Szigeti str. 12, Hungary 
(2) Department of Medical Biology, University of Pécs Medical School, H-7624 Pécs, Szigeti 
str. 12, Hungary 
(3) János Szentágothai Research Center, University of Pécs, H-7624 Pécs, Ifjúság str. 20, 
Hungary   
(4) Vascular Biology & Inflammation Section, BHF Centre of Cardiovascular Excellence, 
King’s College London, London SE1 9NH, UK 
(5) Department of Dermatology, Venereology and Oncodermatology, University of Pécs, H-
7632 Pécs, Akác str. 1, Hungary  
(6) MTA-PTE NAP B Chronic Pain Research Group, University of Pécs, H-7624 Pécs, Szigeti 
str. 12, Hungary 
(7) Department of Pathology, University of Pécs Medical School, H-7624 Pécs, Szigeti str. 
12, Hungary 
(8) Department of Physiology, University of Debrecen, H-4032 Debrecen, Nagyerdei krt. 98. 
(9) Department of Immunology, University of Debrecen, H-4032 Debrecen, Nagyerdei krt. 98. 
   
  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
2 
 
Running title: TRPA1 enhances the imiquimod-induced psoriasiform skin inflammation  
 
Corresponding author: Rolland Gyulai, M.D., Ph.D. 
Department of Dermatology, Venereology and Oncodermatology,  
University of Pécs, 7632-Pécs, Akác street 1. 
Phone: +36 72/536-882, Fax: +36 72/536-884 
E-mail: gyulai.rolland@pte.hu  
 
Author contributions: 
* Á. Kemény, X. Kodji and Sz. Horváth contributed equally to the present work (joint first 
authors). 
# SD. Brain, E. Pintér and R. Gyulai contributed equally to the present work (joint 
corresponding authors). 
 
  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
3 
 
Abstract 
The present study revealed the modulatory role of Transient Receptor Potential Ankyrin 1 
(TRPA1) and Vanilloid 1 (TRPV1) cation channels in Aldara-induced (5% imiquimod, IMQ) 
murine psoriasis model using selective antagonists and genetically altered animals. We have 
also developed a refined localized model to enable internal controls and reduce systemic 
effects. Skin pathology was quantified by measuring skin thickness, scaling, blood flow and 
analyzing dermal cellular infiltrate, while nocifensive behaviours were also observed. 
Cytokine gene expression profiles were measured ex vivo. Psoriasiform dermatitis was 
significantly enhanced in TRPA1 KO mice and with TRPA1 antagonist (A967079) treatment. 
By comparison, symptoms were decreased when TRPV1 function was inhibited. IMQ 
induced Ca2+ influx in TRPA1-, but not in TRPV1-expressing cell lines. 
Immunohistochemical studies revealed that CD4+ T helper cells express TRPA1 but not 
TRPV1 ion channels in mice skin. Compared to the TRPV1 KO animals, additional 
elimination of the TRPA1 channels in the TRPV1/TRPA1 double KO mice did not modify 
the outcome of the IMQ-induced reaction, further supporting the dominant role of TRPV1 in 
the process. Our results suggest that the protective effects in psoriasiform dermatitis can be 
mediated by the activation of neuronal and non-neuronal TRPA1 receptors. 
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Introduction  
Psoriasis is a chronic, recurrent immune-mediated inflammatory skin disease, affecting 2-3% 
of the population. The most common type of the disease is psoriasis vulgaris that occurs in 
about 90% of the patients. Clinically, the disease is characterized by sharply demarcated, 
scaly, erythematous skin lesions, and pruritus (Nestle et al., 2009). It is widely accepted that T 
lymphocytes play a key role in psoriasis, as they chronically colonize the skin and promote 
the proliferation of keratinocytes. T cell activation is initiated and driven by dendritic cells 
that, on onset or exacerbation of psoriasis, produce various pro-inflammatory cytokines, 
including TNF-α and IL-23. The critical roles for immune cells and cytokines in psoriasis 
pathogenesis is supported by the observation that treatments targeting the immune system, 
such as antibodies against TNF-α, IL-12/23 or IL-17, are highly effective in improving the 
disease (Nestle et al., 2009). 
Imiquimod (IMQ)-induced psoriasiform skin inflammation in mice is the most frequently 
used animal model to study the pathomechanism of psoriasis (van der Fits et al., 2009; 
Swindell et al., 2017). The IMQ model recapitulates many of the phenotypic changes of 
psoriasis and mimics its IL-17/IL-23-driven pathology. IMQ acts primarily via the ligation of 
TLR7 (in mice and human) or TLR8 (only in human) (Hemmi et al., 2002; Jurk et al., 2002), 
although a TLR7-independent mechanism has also been proposed (Kanneganti et al., 2006; 
Schön et al., 2006). Despite some controversy, the roles for cytokines in this model, especially 
TNF-α and the IL-17/IL-23 axes, have been shown (Van Belle et al., 2011; Vinter et al., 
2016).   
Recently, Riol-Blanco and co-workers provided evidence that the desensitization of 
NaV1.8+/TRPV1+ nociceptive sensory neurons by resiniferatoxin (RTX) pre-treatment 
significantly decreased the inflammatory reaction in IMQ-induced psoriasiform dermatitis in 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
5 
 
mice (Riol-Blanco et al., 2014) by blocking of IL-23 production in dermal dendritic cells 
(DDC). Since TRPA1 and TRPV1 non-selective cation channels are expressed on the sensory 
nerve endings, RTX pre-treatment causes selective elimination of the functions of these 
neuronal receptors. Nevertheless chemical denervation by RTX does not influence mRNA 
and protein expression of non-neuronal TRPV1 and TRPA1 (Kun et al., 2012). In addition, 
these TRP channels have previously been shown to play important roles in pruritus 
(Fernandes et al., 2013; S. R. R. Wilson et al., 2013) and contact dermatitis (Liu et al., 2013). 
Hence, this study aimed to investigate the role for TRPA1 and TRPV1 in the IMQ model of 
psoriasis. 
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Results  
Loss of TRPA1 function enhances IMQ-induced psoriasiform skin inflammation 
Clinical signs of psoriasis such as skin thickening and scaling were consistently observed in 
IMQ- but not vaseline-treated skin using the 2 different disease induction techniques in both 
male and female mice (Fig. 1 a,b, suppl Fig. S1). Dorsal skin erythema, one of the main 
clinical signs of psoriasis, was assessed using laser Doppler blood flowmetry technique. 
Measurement of dorsal skin blood flow quantitatively in this model to our knowledge is 
previously unreported. A significant increase in dorsal skin blood flow was observed using 
both IMQ treatment techniques, reaching maximal responses after the last treatment (Fig. 1 
g,h), highlighting a useful application for the laser Doppler technique to assess the dorsal skin 
erythema in a quantitative manner. Both ‘the whole back model’ and the ‘localized model’, 
where IMQ application in Finn chamber technique was used, resulted in similar trends of skin 
thickening and scaling (Fig. 1 d,e,j,k). Thus the localized model is a to our knowledge 
previously unreported way of inducing skin inflammation with less systemic side effects, as 
indicated by the development of reduced splenomegaly (Suppl. Fig. S2). 
Interestingly, TRPA1 KO mice showed exacerbated skin pathology in both disease induction 
models, with increased skin thickness and enhanced erythema from day 2 onwards (Fig. 1). 
This effect was independent of gender differences, systemic inflammatory effects, 
highlighting a specific, localized protective role for TRPA1 in this model (Suppl. Fig. S1, S2). 
To eliminate the possibility of compensatory mechanisms in the KO animals, experiments 
involving pre-treatment with the selective TRPA1 antagonist A967079 were also carried out. 
Twice daily application of A967079 over 4 days, substantially enhanced IMQ-mediated skin 
thickening and scaling in WT mice similar to the observed profile in TRPA1 KO mice (Fig. 1 
c,f,l). In contrast to the observation in TRPA1 KO mice, A967079 treatment did not markedly 
influence blood perfusion response in the IMQ-treated TRPA1 WT groups (Fig. 1 i).  
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Histological analysis confirms the protective role for TRPA1 in IMQ-mediated psoriasiform 
dermatitis  
The typical histological hallmarks of human psoriasis (keratinocyte hyperproliferation, 
hyperkeratosis, parakeratosis, Munro’s microabscesses) were observed in IMQ-treated 
TRPA1 WT and KO mice. Infiltration of inflammatory cells (e.g. lymphocytes, granulocytes, 
macrophages) could be observed in the epidermal and dermal layers of the treated skin (Fig. 2 
panel A and Suppl. Fig. S3). Accumulation of neutrophils in the epidermis resulted in 
Munro’s microabscesses following IMQ treatment (Fig. 2 panel a). Histopathological scoring 
assessing characteristic parameters in psoriasis (Munro’s microabscesses, epidermal 
thickness, and cell layers) were significantly enhanced in IMQ-treated skin samples of 
TRPA1 KO or A967079-treated mice compared to WT samples. (Fig. 2 b,c).   
 
TRPA1 KO and TRPA1 antagonist-treated mice exhibit significantly increased nocifensive 
behaviour  
The effect of IMQ on nocifensive and itch behaviour was determined using the ‘whole back 
model’. The trends for hind paw scratching were inconsistent and highly variable in both 
TRPA1 WT and KO mice (Fig. 3 b). However, IMQ resulted in significantly increased 
biting/licking and flinching responses (Fig. 3 c,d). Consistent with worsening skin pathology, 
deletion, or long term inhibition of TRPA1 function showed trends of increased biting/licking 
and flinching, reaching significance on day 4 (Fig. 3). A similar profile was observed in 
female mice (Suppl. Fig. S4). 
 
Temporal inflammatory cytokine mRNA expression in TRPA1 WT and KO mice 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
8 
 
IMQ induced a marked increase in the mRNA expression of IL-1β, TNF-α, IL-23, IL-17, and 
IL-22 in WT mice, in agreement with previous publications (van der Fits et al., 2009; Flutter 
and Nestle, 2013; Riol-Blanco et al., 2014) (Fig. 4). TNF-α and IL-23 mRNA levels peaked at 
6 hours (Fig. 4 b,c), while for IL-1β, IL-17, and IL-22 the highest mRNA expression was 
observed at 48 hours (Fig. 4 a,d,e). After 96 hours, all of the cytokines mRNA levels started 
to return to baseline (data not shown). A significantly increased expression of IL-1β, TNF-α 
and IL-22 mRNA was detected in the TRPA1 KO compared to WT mice, reaching maximal 
differences at 48 hrs. The trends of cytokines expression reflect the worsening skin pathology 
in TRPA1 KO mice, which is initiated as early as 6 hours following the first IMQ application. 
 
Influence of TRPV1 on the protective role of TRPA1 in IMQ response   
To determine potential interactions between TRPV1 and TRPA1 receptors in this model, we 
induced skin inflammation in TRPV1/TRPA1 double KO animals (Fig. 5 e,f). Double 
TRPA1/V1 KO led to an inhibition of skin fold thickness and reduced dorsal skin perfusion 
(Fig. 5 e,f). A similar tendency was also observed when TRPA1 KO mice were treated with a 
TRPV1 antagonist (SB366791). The enhanced skin pathology and dorsal skin erythema 
phenotype was inhibited with SB366791 treatment (Fig. 5 c,d). TRPV1 KO mice also showed 
improved skin pathology and showed trends of reduced erythema in comparison to WT mice 
(Fig. 5 a,b). Hence, these results suggest an opposing interaction between TRPA1 and TRPV1 
in the IMQ model.  
 
Effect of IMQ in TRPA1 or TRPV1 expressing CHO, HaCaT and HEK293T cell lines 
To investigate if IMQ could directly activate TRPA1 or TRPV1 receptors or keratinocytes, 
we used radioactive 45Ca2+ uptake studies with TRPA1 or TRPV1 expressing CHO cell lines 
and HaCaT cells, a human cell line derived from keratinocytes. IMQ induced Ca2+ influx dose 
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dependently (with an EC50 of 4.03 µM) in TRPA1 expressing but not in TRPV1 expressing 
CHO cells. Only a low level of Ca2+  influx was detected in HaCaT cells even at 100 µM IMQ 
(Fig. 5 g). To ensure that the observed effect was TRPA1-dependent, in subsequent 
experiments varying doses of TRPA1 antagonist (A967079) were coadministered with the 
IMQ treatment. A967079 dose-dependently inhibited Ca2+ influx in TRPA1 expressing cells 
in response to IMQ, highlighting that IMQ specifically activates TRPA1 (Fig. 5 h). IMQ 
induced a mainly outwardly rectifying transmembrane current on HEK293T cells 
overexpressing recombinant human TRPA1, which was abolished in the presence of 
HC030031, a potent and selective inhibitor of TRPA1 measured with patch clamp technique 
(Suppl. Fig. S5). 
 
Expression of TRPA1, but not TRPV1 receptors on CD4+ T- cells 
Using confocal microscopy of IMQ-treated skin, we observed TRPA1+ staining, overlapping 
with CD4+ expression on dermal CD4+ T cells. TRPA1 was mainly expressed on the plasma 
membrane of CD4+ T cells (Fig. 6 left panel). Intriguingly, there were no TRPV1 and CD4 
co-localization in mouse dorsal skin sections (Fig. 6 right panel).  
 
Discussion  
IMQ-induced skin inflammation is widely accepted as a murine model for psoriasis (Flutter 
and Nestle, 2013). Indeed, we observed similar degrees of psoriasiform dermatitis, in vivo and 
histopathologically, using 2 different techniques of IMQ application. We have characterized a 
‘localized model’ involving Finn chamber application technique, in which both IMQ and 
vaseline treatment were applied on the dorsal skin of the same mouse; thus allowing lesional 
and non-lesional samples to be obtained from the same mouse. In this model, involving lower 
total IMQ levels, mice showed reduced splenomegaly, indicating less systemic inflammatory 
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component. The overall effect of IMQ activation results in the production of various pro-
inflammatory cytokines, such as TNF-α (Perera et al., 2012; Quivy and Van Lint, 2004) and 
IL-1β (Kanneganti et al., 2006), while the activation of T-cells leads to the production of IL-
17/IL-22/IL-23 (Van Belle et al., 2011; van der Fits et al., 2009). Our current observations 
confirmed the upregulation of these cytokines within 48 hours in our ‘localized model’, 
similar to previous publications (van der Fits et al., 2009). Hence, this is a suitable model for 
studying IMQ-induced psoriasis.  
Recently, Riol-Blanco et al used resiniferatoxin (RTX) pretreatment as an established 
technique to selectively deplete peripheral sensory nerve endings. Since TRPA1 and TRPV1 
are co-expressed on these neurons (Kobayashi et al., 2005), this technique eliminates both 
receptors from neuronal elements, but has no effect on non-neuronal receptor structures (Kun 
et al., 2012). This leads to the following assumptions: 1. Activation of TRP or TLR-7 
receptors by IMQ on non-neuronal cells is not capable to trigger psoriasiform dermatitis 2. 
The peripheral nociceptors/sensory nerve endings are inevitable for the development of the 
IMQ-induced inflammation via the activation of dermal DCs, which then release IL-23.  
Here, we investigated the role of TRP channels in this process by using various TRP knockout 
mice. Interestingly, TRPV1 KO mice showed similar improvement as the RTX treated 
animals, suggesting that the presence of TRPV1 receptors is essential on the peripheral 
nociceptors for the IMQ-induced psoriasis. However, we have shown that this could not be a 
direct effect of IMQ via the TRPV1 receptor as IMQ does not activate TRPV1 expressing 
CHO cells. Hence, we propose that TRPV1 receptor is activated by an as yet unknown 
mediator released by other cells (e.g. keratinocytes) in response to IMQ. In contrast, 
additional elimination of the TRPA1 channels in the TRPV1/TRPA1 double KO mice did not 
modify the outcome of the IMQ-induced pathology, further supporting the dominant role of 
TRPV1 in the process. Surprisingly, when TRPV1 is intact, genetic deletion or 
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pharmacological blockade of TRPA1 led to a significantly enhanced IMQ-induced pathology, 
suggesting that under normal circumstances TRPA1 down-regulates the inflammatory 
process. Here we have provided evidence that the expression of Iba-1 mRNA, a marker of the 
activation of macrophages in the DRG, is significantly elevated after IMQ treatment in 
TRPA1 KO mice compared to wild type animals (see Suppl. Fig S6). It is possible that 
TRPV1 and TRPA1 channels can form a heterodimer in sensory neurons during basal 
conditions, and both are able to cross regulate each other’s activity (cross-
sensitization/desensitization) during inflammation (Gouin et al., 2017). This suggests that 
TRPA1 likely acts by modulating neuronal excitability, possibly via the regulation of TRPV1 
activity.  
In addition, spontaneous nocifensive behaviours were also significantly enhanced with 
TRPA1 deletion or inhibition. This is in contrast to the previous observation for the role of 
TRPA1 in pruritus (Liu et al., 2013; S. R. Wilson et al., 2013) as well as in nociception (Chen 
et al., 2011; Fernandes et al., 2013). However, this is unsurprising in the present model, as the 
enhanced nocifensive behaviours correlate with the increase in skin pathology.  
Whilst the pro-inflammatory effects of TRPA1 activation are well established, there is 
emerging evidence for its protective effects. Recently, capsazepine (CPZ), originally 
classified as a TRPV1 antagonist (Bevan et al., 1992), has been shown to protect the 
development of experimental colitis via TRPA1 agonism (Kistner et al., 2016), while TRPA1 
deletion was shown to enhance inflammatory responses in various colitis animal models 
(Bertin et al., 2016; Kun et al., 2014). These results imply that the non-neuronal TRPA1 
activation has a major anti-inflammatory activity in contrast to the pro-inflammatory 
contribution of sensory nerves.  
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While the main mechanism of action for IMQ is considered to be via TLR7 on cutaneous 
macrophages and DDC in mice (Hemmi et al., 2002), various TLR7-independent pathways 
have also been proposed (Kanneganti et al., 2006). To our knowledge here we present the first 
evidence that IMQ has TRPA1 agonist activity. It induced dose-dependent Ca2+ influx in 
TRPA1 transfected CHO cells and a mainly outwardly rectifying transmembrane current on 
HEK293T cells overexpressing recombinant human TRPA1, and this response was selectively 
inhibited by the TRPA1 antagonists A967079 and HC030031. By comparison, IMQ did not 
induce Ca2+ influx in CHO cells transfected with recombinant TRPV1, indicating that it is 
unlikely that IMQ would directly influence the functions of cutaneous nociceptors via 
TRPV1. Thus, IMQ, as a TRPA1 agonist, may potentially activate neural and non-neural cells 
by their TRPA1 channels, and exert anti-inflammatory activity in the skin.  
As TRPA1 KO mice showed a more prominent increase in Th1-associated cytokines, it was 
proposed that TRPA1 may have an important role in regulating CD4+ T-cell signalling. 
Indeed, Bertin et al previously showed an interaction between TRPA1 and TRPV1 in CD4+ 
T-cell activation towards the Th1 phenotype (Bertin et al., 2016). We found that TRPA1 is 
also co-localized in CD4+ T cells in IMQ-induced skin inflammation, in support for Bertin et 
al, but, in contrast to the CD4+ T cells in the gut, we did not detect TRPV1 expression on skin 
infiltrating CD4+ cells. This indicates that this mechanism is unlikely to have major 
involvement here. Furthermore we did not detect any difference in the number of dermal 
CD4+ T cells between TRPA1 wild type and KO animals.  
Inflammatory mediators are known to regulate TRPV1 activity via a range of pathways, 
including specific G-protein coupled receptors (GPCR) (Gouin et al., 2017). Of note, 
cutaneous denervation in the KC-Tie2 psoriasisform mouse model also results in 
improvements in acanthosis, decreases in CD4+ T cells and an elimination of CD11c+ cells 
concomitant with decreased IL-23 protein expression, and this effect was suggested to be 
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mediated by nerve derived SP (substance P) and CGRP (calcitonin gene-releated peptide) 
(Ostrowski et al., 2011). Potentially, IMQ, similarly to CPZ and isopetasin, may directly 
activate TRPA1 on sensory neurons, leading to the partial desensitization of these nociceptors 
to TRP-mediated (and perhaps other) stimuli in psoriasis. This, in turn, may result in reduced 
release of neuropeptides from nerve endings, leading to attenuated DDC activation, decreased 
IL-12 or IL-23 release, and diminished subsequent generation of Th1 or Th17 T cells, and 
cutaneous inflammation. Potentially supporting this is our observation that the nocifensive 
behaviours associated with the early IMQ treatments at day 1 in the mice were not observed 
in TRPA1 KO or antagonist treated mice (see Fig. 3 a,e), indicating that the TRPA1 channel 
is indispensable for the early IMQ-evoked pruritus. This phenomenon was very similar in the 
colitis model, where the first CPZ administration caused pain in the WT mice, while TRPA1 
knockouts did not show pain-related behaviour (Kistner et al., 2016). The more intensive 
nociceptive behaviour at the later time points in the TRPA1 KO mice in the IMQ-induced 
dermatitis model provides further evidence for a protective phenotype of TRPA1.  
In conclusion, to our knowledge these results are the first to show that TRPA1 has a 
protective role in IMQ-induced psoriasiform dermatitis. We provide evidence that IMQ can 
directly activate cells through TRPA1 (but not TRPV1). Potentially, the use of TRPA1 
agonists may lead to further inhibition of psoriasis-like inflammation. Mustard oil (marketed 
as a natural anti-psoriasis remedy), and mustard seed, which contains the TRPA1 agonist 
allyl-isothiocyanate, were recently shown to reduce IMQ inflammation (Yang et al., 2013). 
Thus there is some evidence to support this strategy. Further studies are required, however, to 
fully characterize and exploit the pro- and anti-inflammatory potential of the TRPA1 receptor 
in cutaneous inflammatory reactions.  
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Materials and Methods  
Full methods are in the Online Supplement 
Animals  
Animal experiments were performed in Hungary and UK, according to the ARRIVE (Animal 
Research: Reporting In Vivo Experiments) guidelines, in accordance with the Hungarian and 
UK law and ethics approval.  Female and male TRPV1 wild-type, TRPA1 wild-type (WT, 
+/+), TRPV1 receptor gene knockout (KO, -/-), TRPA1 KO, and TRPA1/V1 KO mice (8-10 
weeks, 20-25 g) were used with respective background strains.  
 
Induction of psoriasiform skin inflammation 
Psoriasiform dermatitis was induced by Aldara™ cream (5% imiquimod, IMQ, Meda 
Pharma, Hungary) and vaseline, for vehicle control, using two techniques administered daily 
for 4 days. Dorsal skin was shaved and depilated before application. The first technique 
involved the application of 75 mg of Aldara™  on a 4 cm2 area, known as ‘the whole back 
model’ as previously characterized (Roller et al., 2012) and was used for nociceptive 
behaviour experiments. The second model involved a modification of the technique using 
Finn chambers to enable a more localized application and a lower dose of IMQ in the 
‘localized model’. This technique reduced the systemic effects associated with the IMQ model 
and allowed each mouse to be its own internal control, with lesional and non-lesional skin. 
For pharmacological studies, the TRPA1 antagonist (A967079; 60mg/kg, p.o.) or vehicle 
(0.5% methylcellulose in water) was administered twice daily. TRPV1 antagonist (SB366791; 
3mg/kg, i.p.) or vehicle (10% DMSO in saline) was administered once daily, 30 minutes 
before topical skin treatment.   
 
Measurement of dorsal skin thickness  
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Double-fold dorsal skin thickness at the treated areas were measured with micrometers 
(Moore and Wright, Sheffield, England) with 0.1 mm accuracy. 
 
Measurement of blood flow perfusion changes  
Measurement of dorsal skin blood flow was assessed in the dorsal skin by laser Doppler 
flowmetry.  
 
Skin scaling score 
The skin scaling score was evaluated and graded 0 to 4 (0: absent to 4: severe). 
 
Radioactive 45Ca2+ uptake and Ca2+ influx experiments 
IMQ-induced radioactive 45Ca2+ uptake or Ca2+ influx was determined on HaCaT (human 
immortalized keratinocytes) and TRPA1 or TRPV1 receptor-expressing CHO cell lines by 
scintillation counter or flow cytometry.  
 
Patch clamp recording 
HEK293T cells were seeded on coverslips and whole cell patch clamp measurements were 
carried out using Axopatch 1.D amplifier and Clampex 10.2 software (Molecular Devices) to 
record TRPA1 mediated currents. 
 
Nocifensive behavioral studies 
After acclimatization, daily observation was carried out at 4 h after topical skin treatment for 
30 minutes. Studies showed 3 typical spontaneous, nocifensive behaviours in IMQ-treated 
mice: 1) hind paw scratching, 2) biting/licking of the treated area, and 3) flinching, defined as 
rotational flipping of the dorsal area (Wheeler-Aceto et al., 1990). 
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Histology and immunochemistry 
Skin tissue samples were formalin-fixed (6%) and embedded in paraffin for haematoxylin-
eosin or for chloroacetate esterase staining. Scoring parameters and values were determined to 
evaluate inflammatory alterations. Formalin-fixed paraffin-embedded tissue sections (5 µm) 
were prepared for anti-mouse CD4, TRPV1 and TRPA1 immunohistochemistry.  
 
Quantitative RT-PCR 
Dorsal skin samples or dorsal root ganglia (DRG) were collected at various timepoints and 
were prepared for RT-PCR mRNA profiling of inflammatory cytokine or Iba-1 gene 
expression as previously described (Sághy et al., 2016).  
 
Statistical analysis 
Results are expressed as mean ± S.E.M and analyzed statistically using an appropriate test. 
P<0.05 accepted as significant. 
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Figure legends 
Figure 1: Effect of topical Aldara treatment on skin thickness, blood perfusion and skin 
scaling response in TRPA1 WT and KO mice and A967079-treatment. a, c: 75 mg Aldara was 
applied to the back skin of TRPA1 WT animals. A967079 or vehicle (0.5% methylcellulose in 
water) was administered orally at 30 minutes and 5 hours after topical skin treatment (c). B: 
25 mg vaseline (V) or Aldara (A) was applied to the shaved back skin of TRPA1 WT and KO 
animals using Finn chambers. d, e, f: Percent change in skin thickness after vaseline or Aldara 
treatment in TRPA1 WT or KO male mice (d) and TRPA1 WT or KO female animals using 
Finn chamber (e) or A967079 pre-treated TRPA1 WT male mice (f). g, h, i: Percent change in 
dorsal skin blood flow after vaseline or Aldara treatment in TRPA1 WT or KO (g) and 
TRPA1 WT or KO animals using Finn chamber (h) or after A967079 pre-treatment in TRPA1 
WT mice (i). j, k, l: Skin scaling PASI scores after vaseline or Aldara treatment in TRPA1 
WT or KO (j) and TRPA1 WT or KO animals using Finn chambers (k) or in A967079 pre-
treated TRPA1 WT mice (l). Data are mean ± SEM for n = 6-12/group. *p < 0.05; **p < 0.01; 
***p < 0.001 vaseline vs. Aldara-treated sites, #p<0.05; ##p<0.01; ###p<0.001 Aldara-
treated wild-type vs. Aldara-treated KO or Aldara-treated WT/Veh vs. Aldara-treated 
knockout/A967079-treated group, based on repeated measures 2-way ANOVA followed by 
Bonferroni’s post hoc test. 
 
Figure 2. Representative histological view of TRPA1 wild-type and TRPA1 KO mouse dorsal 
skin following Aldara-treatment. Panel a upper line: vaseline-treated control skin of TRPA1 
WT and KO animal at 100x magnification (scale bar=200 µm). Panel a middle line: Aldara-
treated dorsal skin tissue of TRPA1 WT and KO mouse at 200x magnification (scale bar=200 
µm). Panel a bottom line: Aldara-treated dorsal skin tissue of TRPA1 WT and KO mouse 
(400x, scale bar=100 µm). PK: parakeratosis, HK: hyperkeratosis, MM: Munro’s 
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microabscesses b: Arbitrary score of vaseline- or Aldara-treated dorsal skin samples of 
TRPA1 WT and KO animals. c: Arbitrary score of vaseline- or Aldara-treated dorsal skin 
samples of TRPA1 WT animals pre-treated with A967079 or its vehicle. Data are mean ± 
SEM for n = 4-7/group. **p < 0.01; ***p < 0.001 vaseline vs. Aldara-treated sites, #p<0.05 
Aldara-treated wild-type vs. Aldara-treated knockout group or vehicle+Aldara-treated vs. 
A967079+Aldara-treated group, based on 2-way ANOVA followed by Bonferroni’s post hoc 
test. 
 
Figure 3. Repeated TRPA1 inhibition resulted in increased spontaneous nocifensive 
behaviours. 75 mg Aldara was applied to the back skin of male TRPA1 WT or KO animals. 
A967079 or vehicle (0.5% methylcellulose in water) was administered orally at 30 minutes 
and 5 hours after topical skin treatment. Behavioural observation was performed daily at 4 
hours following topical skin treatment, for 30 minutes. Mice were acclimatized to the setup 
for 2 days (days -3 and -2). a) day 4 spontaneous behaviours, b) hind paw scratching, c) 
biting/licking of treated dorsal skin, d) flinching of the dorsal region in TRPA1 WT or KO 
animals. e) day 4 spontaneous behaviours, f) hind paw scratching, g) biting/licking of treated 
dorsal skin, h) flinching of the dorsal region in vehicle or A967079 pre-treated animals.  Data 
are mean ± SEM for n = 5-7/group. *p < 0.05; **p < 0.01; ***p < 0.001 vaseline vs. Aldara-
treated sites, #p < 0.05; ##p < 0.01; ###p < 0.001 Aldara-treated Veh vs. Aldara-treated 
A967079 groups, based on repeated measures 2-way ANOVA followed by Bonferroni’s post 
hoc test. 
 
Figure 4. Imiquimod-induced relative expression of distinct inflammatory cytokines in TRPA1 
WT and KO mice at different time points. a: IL-1β relative quantity, b: TNF-α relative 
quantity, c: IL-23 relative quantity, d: IL-17 relative quantity, e: IL-22 relative quantity 
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measured with RT qPCR. Data are mean ± SEM for n = 5/group. *p < 0.05; ***p < 0.001 
vaseline vs. Aldara-treated sites, ##p < 0.01; ###p < 0.001 Aldara-treated wild-type vs. 
Aldara-treated knockout group, based on student t-test. 
 
Figure 5: Effect of TRPA1 and TRPV1 loss of function on Aldara-mediated skin inflammation 
(a, b, c, d, e, f). Imiquimod-induced Ca2+ influx in TRPA1-, TRPV1-expressing CHO cells or 
HaCaT cell lines (g, h). a, b: 25 mg vaseline or Aldara was applied to the shaved back skin of 
TRPV1 WT and KO animals in Finn chambers. Percent change of skin thickness (a) and 
blood perfusion (b) were compared to the vaseline-treated groups. c, d: 75 mg Aldara was 
applied to the back skin of TRPA1 WT or KO animals. SB366791 TRPV1 receptor antagonist 
(3mg/kg, i.p.) or its vehicle (Veh, 10% DMSO in saline) was administered 30 minutes prior to 
Aldara-treatment. Percent change of skin thickness (c) and dorsal skin blood flow (d) was 
monitored as described in the methods section. e, f: 25 mg vaseline or Aldara was applied to 
the shaved back skin of TRPV1-, TRPA1 or TRPA1/V1 WT and KO animals in Finn 
chambers. Percent change of skin thickness (e) and blood perfusion (f) were compared to the 
Aldara-treated wild-type groups of each mice strains. Data are mean ± SEM for n = 6-
12/group. *p < 0.05; **p < 0.01; ***p < 0.001 vaseline-treated vs. Aldara-treated groups or 
Aldara-treated TRPA1 WT vs. Aldara-treated TRPA1 KO+vehiculum (veh) groups, #p < 
0.05; ##p < 0.01; ###p < 0.001 Aldara-treated TRPV1 WT vs. Aldara-treated TRPV1 KO 
groups (A,B) or Aldara-treated TRPA1 KO+vehiculum (Veh) vs. Aldara-treated TRPA1 
KO+SB366791 groups (c,d) or TRPA1 KO vs.TRPV1- and double KO animals (e,f), based 
on repeated measures 2-way ANOVA followed by Bonferroni’s post hoc test. g: Dose-
response curve induced by IMQ in TRPA1 or TRPV1 expressing CHO cells or in HaCaT cell 
line monitored by radioactive 45Ca2+ uptake. h: IMQ-induced Fluo-4 signal ratio in TRPA1+ 
CHO cells after mustard oil (MO), imiquimod (IMQ) or different concentrations of A967079 
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(A96) treatments, ***p < 0.001 A96+50 µM IMQ vs. 50 µM IMQ treated groups based on 
unpaired t test.  
 
Figure 6. Immunohistological detection of TRPA1+/CD4+ T helper cells or TRPV1+/CD4+ 
T helper cells in IMQ-treated mouse dorsal skin samples. Single optical section have been 
taken using a 40x fluorescent objective with phase contrast capacity (scale bar=100 µm). 
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